
United States Patent n91 
Schulz et al. 

154] PULSE TRAIN FILTER CIRCUIT 
PARTICULARLY FOR AUTOMOTIVE 
TACI-IOGENERATORS 

[75] Inventors: Alfred Schulz. Braunschweig'. 
Giinther Hiinig, Markgroningen. 
both of Germany 

[73] Assignee: Robert Bosch G.m.b.I-I.. Stuttgart. 
Germany 

[22] Filed: July 18. I973 

[2]] Appl. No.: 380.368 

[30] Foreign Application Priority Data 
Aug. 3. 1972 Germany ........................... . 2238241 

[52] U.S. Cl. ..................... .. 331/10; 331/17; 331/25 
[51] Int. Cl. ........................................... .. “03b 3/04 
[58] Field of Search ......... .. 331/1 A. 11. l7. I2. 25. 

331/10 

I 56] References Cited 
UNITED STATES PATENTS 

3.458.823 7/1969 Nordahl ............................. . 331/1 A 
3.528.026 9/1970 Grocndycke ......................... . 331/11 
3.703.686 11/1972 Hckimian ............................. . 331/11 

3.715.751 2/1973 Mcad ................................. . 331/1 A 

OTHER PUBLICATIONS 
Electronics, G. S. Oshiro. Jan. 22. 1970. p. 83. 

111] 3,879,676 
1451 Apr. 22, 1975 

Electronics. D. Morgan. Sept. 25, 1972. pp. 121, 122. 

Primary Examiner-John Kominski 
Attorney. Agenr. or F irm—Flynn & F rishauf 

[57] ABSTRACT 

A voltage controlled oscillator is kept in step with an 
incoming train of pulses by a phase~locked loop con‘ 
taining a pulse comparator operating as an EXCLU< 
SIVE OR gate followed by a regulating ampli?er that 
partially integrates while also transmitting the signal to 
the frequency control of the oscillator. Effective 
phase-locked operation of the oscillator over a wider 
frequency range or for more rapid frequency changes 
is provided by an auxiliary control circuit fed by the 
same input pulses. which integrates the input with a 
slight delay and acts as a low-pass circuit passing fre 
quencies within the full range of the input pulse repe 
tition frequencies. The phase-locked loop control and 
the auxiliary control are combined for control of the 
oscillator frequency either in a simple summing circuit 
or through a limiter. which gives control to the auxili 
ary circuit when the frequency changes sharply. The 
circuit is particularly useful for ?ltering out irregular 
ities from the signal of a tachogenerator that corre 
sponds to the velocity of a wheel of a motor vehicle. 
and in this application the circuit can be arranged to 
yield an acceleration signal as well as a ?ltered veloc 
ity signal. 

Electronic Design. W. L. Gill. Apr. 11, 1968. pp. 18 Chims'g Drawing Figures 
76-79. 
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PULSE TRAIN FILTER CIRCUIT PARTICULARLY 
FOR AUTOMOTIVE TACHOGENERATORS 

This invention concerns a pulse train ?lter circuit 
meeting the requirements for use with automotive 
tachogenerators. where the pulse frequency of the 
pulse train has a wide range of variation and where 
electrical equipment is subject to considerable disturb 
ing in?uences. 

It is often important to utilize the frequency of a 
pulse train for the operation of a computing circuit in 
an electronic control circuit for a motor vehicle. 
whether it be for fuel injection, automatic transmission 
control or antiblocking brake control. Thus. for exam 
ple. pulse type rotational frequency detectors or indica 
tors. commonly called tachogenerators. provide a train 
of pulses at a frequency which is proportional to a rate 
of rotation which it is desired to measure. 
The dif?culty usually arises that a disturbance fre 

quency spectrum caused by disturbing influences is su 
perimposed upon the desired pulse train frequency. 
Thus. the alternating current pulses supplied by a pulse 
type tachogenerator may be modulated in amplitude 
and frequency. because the tachogenerator is subjected 
to mechanical vibrations. Mechanical vibrations of that 
sort cannot be avoided in motor vehicles. Furthermore. 
pulse trains that appear at the output of a computing 
circuit stage may have a disturbance frequency spec 
trum superimposed. for example. if the time distribu- _ 
tion of the pulses is not even. This condition corre 
sponds. likewise, to a phase or frequency modulation of 
the pulse train. 
The disturbance frequency spectra above described 

reduce the accuracy that can be obtained with a com 
puting circuit designed to operate on the pulse train 
frequency. It is accordingly an object of the invention 
to provide a circuit for filtering pulse train frequencies 
which will enable the desired frequency to be separated 
as well as possible from disturbance frequency spectra. 
It is a further object of the invention to provide a circuit 
with those qualties that is universally applicable in the 
greatest possible variety of automotive control circuits. 

SUBJECT MATTER OF THE PRESENT 
INVENTION 

Briefly. a pulse generating oscillator the frequency of 
which is voltage controlled is kept in step with an input 
pulse train by means ofa phase regulating circuit which 
includes a phase comparison for comparing the input 
pulse train and the output pulses of the oscillator and 
a regulating circuit through which the output of the 
phase comparison circuit controls the frequency of the 
oscillator. Since the original pulse train is caused to 
generate a new pulse train kept in step with the original 
pulse train. this circuit may be referred to as a pulse 
train ?lter or a pulse train regenerating circuit, for the 
pulses are produced anew free of irregularities. This 
type of circuit may also be referred to as a phase locked 
oscillator circuit. The voltage controlled oscillator 
transmits pulses at a frequency that. as the result of the 
balancing of the regulating circuit. is the same as the 
fundamental wave of the input frequency and is free of 
any superimposed disturbance frequency spectrum. 
The phase comparison circuit brings the output fre 
quency of the voltage controlled oscillator exactly to 
the frequency of the input pulse train. 
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2 
If the pulse train. provided by a tachogenerator or by 

some other circuit. is too low for convenient handling 
in a following computing circuit. the pulse regenerating 
circuit of this invention can be provided with a fre 
quency dividing circuit between the oscillator output 
and the input of the phase comparison circuit that is 
connected to the feedback loop. In this way the output 
frequency of the voltage controlled oscillator can be 
made equal to a selected multiple of the input fre 
quency. This circuit is to be distinguished from other 
frequency multiplication circuits in that the output fre 
quency shows no frequency modulation when the input 
pulses are unevenly spaced in time. 
The output frequency of a tachogenerator used in an 

anti-blocking brake control system can vary in the ratio 
1:40 according to the rate of rotation of the vehicle 
wheel to which it is connected. The shortcomings of 
known ?lter circuits result from the fact that the filter 
bandwidth must be at least equal to the output fre 
quency range of the tachogenerator. For this reason. 
disturbance frequencies can be ?ltered out only. insuf 
?ciently by conventional methods. 
A narrow band filter for rapidly and widely varying 

input frequencies can be provided. however. in another 
form of the invention. by using an auxiliary control cir~ 
cuit containing a low-pass resistance-capacitance cir» 
cuit to which the same input frequency is provided as 
to the phase comparison circuit. The output of this aux 
iliary control circuit. which is to say the output of the 
low-pass circuit. is caused to contribute to the control 
of the oscillator. In this arrangement the auxiliary con~ 
trol circuit provides coarse control for the oscillator. 
and the phase regulation circuit including the phase 
comparator circuit then takes charge of only the fine 
adjustment. The bandwidth of the circuit. regarded as 
a filter. is determined by the phase regulation circuit. 
It can be substantially smaller than the input frequency 
range. For example. the pulse tachogenerator may have 
an output frequency range from 0.1 to 4 kHz. but with 
the circuit according to this invention a ?lter band 
width of O.l kHz can be readily obtained. A limiter cir 
cuit can be used between the auxiliary and the phase 
lock control to give the former control when the signal 
from the latter exceeds a predetermined value and it 
may be desirable to vary the limiter threshold with fre 
quency. 
The invention will be described by way of example 

with reference to the accompanying drawings. wherein: 
FIG. la is a circuit diagram of a ?rst illustrative em 

bodiment of the invention; 
FIG. lb is a timing diagram for explaining the opera 

tion of the circuit of FIG. la; 
FIG. 10 is a voltage-frequency diagram for explaining 

the operation of the circuit of FIG. la; 
FIG. 2 is a circuit diagram ofa second illustrative em 

bodiment of the invention‘. 
FIG. 3a is a circuit diagram of a third illustrative em 

bodiment of the invention; 
FIG. 3b is a voltage-frequency diagram explaining the 

operation of the circuit of FIG. 30; 
FIG. 3(- is a circuit diagram of a modification of the 

circuit of FIG. 3a; 
FIG. 4a is a circuit diagram of a fourth illustrative 

embodiment of the invention; and 
FIG. 4b is a voltage-frequency diagram for explaining 

the operation of the circuit of FIG. 4a. 
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The first example of an embodiment of the invention 
is shown in FIG. 10. At its input side there is a phase 
comparison circuit 10, which is constituted in the form 
of an EXCLUSIVE OR gatev The input frequency f, is 
applied to the input terminal 101, which constitutes the 
first input of the phase comparison circuit 10. A second 
input 102 of the phase comparison circuit serves for 
feeding back a regulated frequencyfz. The phase com 
parison circuit 10 contains two NAND gates 103. 104. 
The inputs of the first NAND gate 103 are respectively 
connected to the first input terminal 101 and. over an 
inverting stage 105. with the second input connection 
102. Conversely. the second NAND gate 104 has one 
input connected over an inverting stage 106 to the first 
input terminal 101 and another input connected di 
rectly to the second input connection 102. The outputs 
of the NAND gates I03 and 104 are respectively con 
nected to the inputs ofa third NAND gate 107, the out 
put of which provides the output of the phase compari 
son circuit 10. 

Following the phase comparison circuit 10 is a regu 
lating circuit 11 that in this first example of an embodi 
ment of the invention is constituted as a proportional 
integrating regulator; that is, the transmission charac 
teristic of this circuit has both a proportional and an in 
tegrating component. An active component is included 
in the regulating circuit 11, an operation ampli?er 110, 
with a feedback circuit from its output over a resistor 
11] and a series capacitor 112 to the inverting input of 
the operational amplifier. 
The output of the third NAND gate 107 is connected 

over a resistor 113 to the inverting input of operational 
ampli?er 110. The inverting input of the operational 
ampli?er 110 is also connected over a resistor 114 to 
a terminal 115. The noninverting input of the opera 
tional amplifier 110 is connected to the basic reference 
potential. such as to the chassis of the vehicle. a con 
nection which may. for short. be referred to as a 
ground. 
The output of the operational ampli?er 110 is 

brought out at the terminal 13 where the frequency 
control voltage U, may be taken off. A reference volt 
age that is negative with respect to chassis or ground is 
applied to the terminal 115. 
The output of the regulating circuit 11, which ap 

pears at the terminal 13, is applied to the frequency 
control connection of the oscillator 12 which is a volt» 
age controlled oscillator. The output of the oscillator 
12 is brought out to another terminal 14 where the reg 
ulated frequency f2 can be taken off. The output of the 
oscillator 12 is also furnished to the arm ofa switch 15, 
which in the position shown in FIG. 1a supplied the 
output pulse train over a first contact of the switch 15 
to the second input connection 102 of the phase com 
parison circuit 10. In a second position of the switch 15 
the output of the voltage controlled oscillator 12 is con 
nected with the input of a frequency divider 16, the 
output of which is likewise connected to the second 
input connection 102 of the phase comparison circuit 
10. 
The manner of operation of this ?rst example of the 

invention. and particularly of the phase comparison cir 
cuit 10, can best be understood with reference to FIG. 
lb and to Table I, set forth below. 

4 
Table I 

f. r._, 103 I04 I07 
0 O L L O 

5 0 L L 0 L 
L O O L L 
L L L L O 

The symbols 0 and L designate the two possible bi 
nary number conditions. A stage transmits a 0 signal 
when its output is connected to negative potential; con 
versely, it transmits an L signal when the output is con 
nected to positive potential. Since the signals f, and f2 
are pulse signals they simply go back and forth between 
the 0 and L conditions, and the ?rst two columns of 
Table I show the possible value combinations of the 
signalsf, and f2 applied to the inputs 101 and 102 of the 
phase comparison circuit. 
A NAND gate can transmit a 0 signal only when 

there are L signals at all its inputs. From this fact are 
derived the two following columns of Table l, in which 
the output signals of the two NAND gates I03 and 104 
are given. Finally. in the last column ofTable I the out 
put signals of the third NAND gate 107 are given for 
each of the combinations of input signalsf. and f2. This 
table demonstrates that the output signals of the third 
NAND gate 107 obey the EXCLUSIVE OR gate func 
tion with respect to the inputs to the phase comparison 
circuit: thé NAND gate 107 transmits an L signal only 
when the two input signals f, and f2 have different bi 
nary values. 

FIG. 1b is a timing diagram showing the relations of 
the input signals fl and f2 and the output signal of the 
phase comparison circuit fun for three different cases 
designated a, b, and c. and representing respectively a 
phase shift of 60°, 120° and 180° between the frequen 
ciesfl and f2. The 60° phase shift case (case a) is shown 
on the top three lines of FIG. lb. The NAND gate 107 
in this case transmits pulses of a frequency twice as 
great as the input frequencies (f, Off-2)‘ they being sub 
stantially equal. The keying ratio, or duty cycle, de 
fined as the ratio of pulse length to repetition, in this 
case has the value of 0.33. 
When the phase difference between the frequencies 

f, and f, is I20° (case b) the frequency of the output 
pulses of NAND gate 107 is of the same magnitude as 
in case a, but the keying ratio is now 0.66. At 180° 
phase difference (case c) the NAND gate 107 ?nally 
transmits a continuous L signal, for the keying ratio has 
now become l.0, which will happen when the keying 
ratio of the original signals fl and f2 are at least 0.5. 

It can thus be seen from FIG. lb that the keying ratio 
of the output pulses of the third NAND gate 107 are 
proportional to the phase difference between the two 
frequencies], and f2. As the result of the series combi 
nation of the resistor 111 and the capacitor 112 in the 
negative feedback path of the operational amplifier 
110. the regulating circuit 11, to which the output of 
the NAND gate 107 is supplied, operates both to inte» 
grate the signal and to reproduce it proportionally. As 
the result of the integrating effect. there is formed at 
the output of the regulating circuit 11 the time integral 
of the output pulses provided by the NAND gate 107. 
The proportional effect of the circuit passes a signal 
component through the circuit in the form of pulses 
that are superimposed upon the relatively steady volt 
age produced by integration. The purpose of including 
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a pulse component in the output is that this enables 
changes in the input frequency f, to be detected more 
quickly. The proportional effect must not be too great. 
however. since the output voltage U, of the opera 
tional ampli?er 110 should not be too wavy. 
The output voltage Ul of the operational amplifier 

110 which. as just mentioned. is a dc. voltage with a 
quite weak ripple superimposed. can be taken off at the 
terminal 13. This voltage is also applied to control the 
frequency of the voltage controlled oscillator 12. Such 
voltage controlled oscillators are currently manufac 
tured in the form of integrated circuit components. To 
use them it is necessary only to set the frequency region 
of the oscillator by adding an external capacitor to the 
unit. The output voltage U, of the regulating circuit and 
the frequency range of the voltage controlled oscillator 
12 must be so ?tted to each other that the output fre 
quency of the voltage controlled oscillator 12 is ap 
proximately equal to the input frequency f,. 
The solid line 21 in FIG. 11' shows the linear depen 

dence of the frequencyf2 on the voltage U1. In this case 
it is assumed that the voltage controlled oscillator 12 is 
locked to the fundamental frequency of the input fre 
quency f,. The phase comparison circuit 10 can also 
give pulse trains with constant keying ratio. however. 
if the voltage controlled oscillator 12 operates at a fre 
quency that is an harmonic (overtone) or a subhar 
monic of the input frequency f,. Synchronism with the 
first subharmonic is shown in H0. lc with the dashed 
line 22, whereas the dashed line 24 shows the relation 
ship in the case of synchronism with the first harmonic. 
Case must be taken that the voltage controlled oscil 

lator l2 always begins oscillating at the fundamental 
frequency. The arrangement of FIG. 10. the first exam~ 
ple illustrating this invention. should therefore prefera 
bly be adjusted so that the input frequency f. can vary 
only in a relatively narrow range. so that no capture 
problem (lock-in problem) arises. 

It is advantageous. further. to set the normal phase 
shift of the output frequency f2 of the voltage con 
trolled oscillator 12 with respect to the input frequency 
fl at exactly 90°. A phase shift range of 90° in either di 
rection is then available for changes of the input fre 
quency. or rather a phase shift of 90° in either direction 
is available for the phase error that can be allowed. be 
fore the voltage controlled oscillator 12 falls out of step 
by one period. To set the constant normal phase shift 
of 90°. a reference voltage is applied to the terminal 
115 connected to the inverting input of the operational 
ampli?er H0. 
The circuit of FIG. la constitutes a phase regulation 

circuit commonly known as a phase locked loop. The 
output frequency f) of the voltage controlled oscillator 
12 is precisely held at the value of the input frequency 
f1. because the circuit responds to deviations in the 
phase difference between the two frequenciesfl andf-l. 
The two frequencies thus do not have to be measured 
by counters and compared with each other. 

In the phase locked circuit of FIG. la, the forward 
branch is constituted of the phase comparison circuit 
10 and the regulating circuit 11. In the feedback 
branch there is the voltage controlled oscillator 12, 
which constitutes a voltage-to-frequency converter. 
The closed regulating circuit must thus operate as a 
frequency-to-voltage converter. It follows. thus, that 
the output voltage Ul of the regulating circuit 11, apart 
from transient response, is exactly proportional to the 
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6 
input frequency f,. The transient response of the regu 
lating path is determined by the regulating characteris 
tic of the regulating circuit 11. 

If the changeover switch 15 of the circuit of FIG. la 
is moved over to its second position. the output fre 
quency of the voltage controlled oscillator 12 is divided 
in the divider circuit 16. The output frequency of the 
divider circuit 16 is equal tof2/2. where u is the division 
factor. The voltage controlled oscillator l2 then oscil 
lates at the u-th harmonic of the input frequency f‘. In 
this case at the terminal 14 a frequency f2 can be taken 
off which is multiplied by the division factor u with re 
spect to the input frequency f‘. 

It is desirable for the pulses of the input frequency fl 
and the pulses provided by the dividing circuit 16 to be 
of equal length, so the dividing circuit should prefera 
bly not simply suppress some of the output pulses of the 
oscillator 12, unless the input pulses have a low enough 
keying ratio so that their duration is comparable to that 
of the output pulses of the oscillator 12 at the higher 
frequency. If the input pulses have a keying ratio near 
0.5, the dividing circuit 16 should preferably likewise 
furnish its output pulses at a similar keying ratio. The 
keying ratio of 0.5 for fl and f2. as shown in FIG. lb. 
provides maximum sensitivity of the phase regulation. 
since the NAND gate 107 goes from a continuous 0 sig 
nal for a 0 phase difference to a continuous L signal for 
a 180° phase difference. 
A further advantage of the phase regulation circuit of 

FIG. 1 should be mentioned here: if the individual 
pulses of the input frequency f. are unevenly distrib 
uted in time, the phase regulation circuit has the effect 
of ?ltering the fundamental wave. The output pulses of 
the voltage controlled oscillator l2 are then evenly dis 
tributed in time. and the disturbance frequency spec 
trum of the input frequency fl is suppressed. Such input 
pulse trains with pulses unevenly distributed in time. 
can for example be produced when the frequency fl 
represents the calculation result of a digital increment 
computing circuit. In that case the average number of 
pulses per unit of time remain constant. but the individ 
ual pulses do not follow equidistantly one after another. 
Whereas the ?rst example of this invention shown in 

FIG. in can be used primarily when the input fre 
quencyfl can vary only over a narrow frequency range. 
the illustrative embodiments of the invention given 
below with reference to FIGS. 2, 3a. 30 and 4 are suited 
to provide ?ltering. even for input pulse trains having 
a wide frequency variation. 

In the second embodiment illustrating the invention. 
shown in FIG. 2, the output of the regulating circuit H 
has an amplitude adjustment potentiometer H7 con 
nected between its output and ground. The tap 118 of 
this trim potentiometer 117 is connected to a first input 
ofa summing circuit 17. The output of a low pass auxil 
iary regulating circuit 18 is connected to the second 
input of the summing circuit 17. The summing circuit 
17 is constituted by two resistors 17] and 172, which 
provide for a signal adding effect. The common con 
nection of the resistors 17! and 172 provides the out~ 
put of the summing circuit 17, while the other extremi~ 
ties of the resistors provide the input connections. 
The output of the summing circuit 17 is connected 

both to the output terminal 13 and to the frequency 
control input of the voltage controlled oscillator 12. 
The circuit arrangement of the voltage controlled oscil 
lator 12 or the phase comparison circuit 10 and the reg 
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ulating circuit 11 is the same as in the ?rst example of 
the invention shown in FIG. la. 
The low pass circuit [8 provides the coarse fre 

quency control for the voltage controlled oscillator 12. 
The input frequency fl is converted in the low pass cir 
cuit I8 into a steady voltage. which is proportional to 
a time average of the input frequency. The low pass cir< 
cuit I8 is to be so dimensioned electrically that its pass 
band will include the entire frequency range over 
which the input frequency f1 may vary. By the auxiliary 
control provided through the low pass circuit I8, an ap 
proximate value of the input frequencyfl is provided to 
the summing circuit 17 in the form of a dc. voltage. In 
this way coarse value for the output frequency f; of the 
voltage controlled oscillator 12 is already provided 
without regard for the phase locked loop. The regulat 
ing circuit I] now needs to regulate only a small re 
maining error. in order to establish synchronization in 
the phase regulation circuit. The regulating circuit 11 
can then operate at high sensitivity. that is it can oper 
ate with considerable amplification. The modulation 
range of the regulation circuit in response to phase 
error can be adjusted by the trim potentiometer I17. 
Even with small phase changes of the input frequency 
f., the amplifying regulation circuit 11 responds with a 
great change in its output voltage. 
Taking account of the magnitude of the frequency 

deviation which the regulating circuit ll is required to 
handle. the regulating circuit 11 should be so dimen 
sioned electrically that the maximum usable phase de 
viation in the phase comparison circuit should bring the 
regulating circuit 11 close to its output modulation lim 
its. The voltage divider constituted by the trim potenti 
ometer H7 is so adjusted that the voltage values at the 
output of the summing circuit can never cause the 05' 
cillator to lock on a harmonic or subharmonic of the 
input frequency. The voltage controlled oscillator 12 is 
thus always held to the fundamental frequency of the 
input frequency f, by the auxiliary control provided by 
the low pass circuit I8. 

Particularly upon switching the circuit on. it can 
often happen that the voltage controlled oscillator 12 
will lock on to a subharmonic or a harmonic of the 
input frequency f,. This is possible because the low pass 
circuit 18 has a relatively large time delay. After this 
delay period has run. however. the output frequency of 
the low pass circuit I8 is in any event proportional to 
the input frequency f,. The control voltage applied to 
the voltage controlled oscillator 12 is then pulled to a 
value that is at least approximately proportional to the 
output frequency f,. Consequently, after the passing of 
this delay period of the low pass circuit IS. the voltage 
controlled oscillator 12 will be pulled over by force into 
synchronism with the fundamental wave of the input 
frequency f,. 
The auxiliary control circuit containing the low pass 

circuit I8 must also take over control when the input 
frequency fl changes sharply in a short time. Because 
of its large ampli?cation factor, the regulating circuit 
II could in such a case actually shift the control volt 
age of the voltage controlled oscillator 12 so far that it 
might. for example. lock on to the second harmonic 
(first overtone) of the fundamental frequency. The 
characteristic delay period of the low pass circuit 18 
must be so determined that even in the fastest input fre 
quency changes that are likely to occur, the voltage 
controlled oscillator 12 will not fall out of step. 

20 

8 
In the case of the third illustrative embodiment of the 

invention. which is shown in FIG. 3a. the output of the 
regulating circuit II is again connected directly with 
the input of the voltage controlled oscillator I2. The 
rest of the circuits in the phase locked loop, including 
the phase comparison circuit 10 and a connection to 
the output terminal 13 are the same as in the ?rst two 
illustrative embodiments (FIG. 10, FIG. 2). The low 
pass circuit I8 again has its input connected to the ?rst 
input terminal 101 of the phase comparison circuit 10. 
The output of the low pass circuit 18 is in this case con 
nected over a resistor I07 to a limiting circuit 30, 
through which it connects to the connection between 
the output of the regulating circuit 11 and the fre 
quency control connection of the oscillator 12. The 
limiting circuit 30 comprises two parallel series chains 
of two diodes each (301, 302 and 303, 304 respec 
tively) connected in parallel, or rather anti-parallel, 
since the chains are directed in opposite polarity. 

In the case of the third illustrative embodiment of the 
invention, shown in FIG. 3a, the phase regulation loop 
containing the stages 10, II and I2 normally operates 
in exactly the same way as in the ?rst embodiment. 
which was described in connection with FIG. Ia. With 
small variations of the input frequency f,, the phase 
comparison circuit 10 detects a change in phase differ 
ence. The phase regulating circuit 11 then pulls the fre 
quency of the voltage controlled oscillator just enough 
to bring it'back into equality with the input frequency 

30 1.. 
The regulating circuit II in this case, as in the second 

example, is so dimensioned that it operates at high gain. 
Phase regulation is thereby made more accurate and 
faster, It can happen, however, that the input frequency 

35 f1 might change rather quickly by a large amount. The 
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output signal of the regulation circuit 1] will then. on 
account of the high gain. change so sharply that in 
some circumstances the voltage controlled oscillator 
12 will fall out of step and lock on to a harmonic or a 
subharmonic of the input frequency f,. 
The above problem is avoided by auxiliary control 

with the low pass circuit 18 and the limiter circuit 30. 
The output voltage of the low pass circuit 18, as previ 
ously mentioned, follows the change in the input fre 
quency fl. but does so with some delay. The voltage 
range over which the output voltage of the regulating 
circuit II deviates from the output voltage of the low 
pass circuit 18 is determined by the number of diodes 
in the two diode chains 301, 302 and 303, 304, with the 
limiting circuit 30. In the case of FIG. 30, there are two 
diodes in each series chain. When silicon diodes are 
used. this results in a threshold voltage of I.4V in each 
direction, by which the two output voltages may differ 
from one another without causing the diodes of one of 
the diode chains to conduct. 
A sharp change in the input frequency f, causes this 

threshold voltage to be exceeded. When that happens 
the output voltage of the regulating circuit II can no 
longer affect the control voltage of the voltage con 
trolled oscillator I2. Its frequency is then determined 
only by the auxiliary control circuit, and for the time 
being the regulating circuit 1 I no longer exerts control. 
This effect is shown in FIG. 3b by the lines 24 and 25. 
These lines run parallel to the solid straight line 21, 
which is the control characteristic when the oscillator 
is locked to the fundamental wave. The frequency re 
gion outside of the stripe enclosed by the two lines 24 
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and 25 is forbidden to the oscillator 12 by the operation 
of the auxiliary control circuit. From FIG. 3b it can be 
seen that the oscillator 12 can be caused by circum 
stances to fall out of step only at very low frequencies. 
When the auxiliary control circuit composed of the 

low-pass circuit 18 and the limiting circuit 30 takes 
over control, the output frequency of the oscillator 12 
then varies only slowly, with a velocity which is deter 
mined by the upper frequency limit of the low-pass cir 
cuit 18. As soon as the oscillator I2 is brought around 
enough by the operation of the auxiliary control circuit. 
the voltage difference between the outputs of the stages 
II and 18 is sufficiently reduced that the diodes of the 
limiter circuit 30 are again all blocked. The phase regu 
lation then again operates with full accuracy. 
The distance from the line 24 or the line 25 to the 

line 21 is determined by the number of diodes con 
nected in each series chain of the limiting circuit 30. 
The smaller the number of diodes 30! to 304, the 
smaller will be the permissible region of the output 
voltages of the regulating circuit 11 and the more se 
cure will be the capture or lock-on behavior of this 
form of embodiment of the invention shown in FIG. 3a. 

FIG. 3c shows a modification of the third illustrative 
embodiment of the invention which can also serve to 
differentiate the input frequencyfl. In this modi?cation 
the regulation circuit H is divided into two parts one 
following the other, namely a so-called PD regulating 
circuit 33 and an integrating regulating circuit 34. The 
PD regulating circuit 33 has a "proportional" effect of 
transmitting the input signal proportionally and a "dif 
ferential“ effect of providing an output proportional to 
the rate of change of the input signal. In other respects 
the circuit comprising the phase comparison circuit 10, 
the low-pass circuit 18, the limiting circuit 30 and the 
voltage controlled oscillator 12 is the same as in FIG. 
3a. 
The PD regulating circuit 33 comprises an opera 

tional ampli?er 30 with its inverting input connected 
over a resistor 33 to the output of the phase compari 
son circuit H). The inverting input of the operational 
ampli?er 330 is also connected over a resistor 332 to 
the tap of a voltage divider composed of two resistors 
33 and 334 and connected between the positive voltage 
terminal 35 and ground. A series connection of two re 
sistors 335 and 336 is provided in the negative feed 
back path of the operational ampli?er 330, and the 
common connection of the two resistors 335 and 336 
is connected to a capacitor 337 the other side of which 
is connected to ground. The characteristics of this feed 
back circuit determine the regulating characteristic of 
the circuit. 
The integrating regulator circuit 34 employs the op 

erational ampli?er 340 as its active component. The 
inverting input of the operational amplifier 340 is con 
nected over a resistor 34! to the output of the opera 
tional amplifier 330. The noninverting input of the op 
erational ampli?er 340 is connected over a resistor 342 
to the tap of a voltage divider consisting of the two re 
sistors 343 and 344 connected between positive voltage 
and ground. An integration capacitor 345 is connected 
between the output and the inverting input of the oper 
ational ampli?er 340. 
At the output of the operational ampli?er 330 of the 

PD regulator 33, a branch connection is made to a 
smoothing stage 28 which contains a low-pass circuit 
(for example an RC section). The low-pass circuit in 
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this case consists of a resistor 28! and a capacitor 282. 
The output of the smoothing stage 28 is connected to 
an output terminal 29. 
The provision of a partially integrating circuit 11 

(that is, a PI regulator) by a cascade succession of a 
partially differentiating circuit 33 (PD regulator) and 
an integrating circuit 34 (l regulator) is a known device 
used in the design of control systems. The nature of the 
operation can be verified by addition of the transmis 
sion functions of these successive stages. in the case of 
the PD regulator 33 the regulation characteristic has 
proportional and differential components. whereas the 
l regulator 34 has a purely integrating regulating char~ 
acteristic. The differential component D in the regula 
tion characteristic of the PD regulator 33 is produced 
by the capacitor 337. If the input frequency to the op 
erational ampli?er 330 makes a jump-like change, the 
capacitor 337 then short circuits the feedback path 
335, 336. The change in input voltage is then transmit 
ted at full ampli?cation to the output of the operational 
amplifier 330. As soon as the capacitor 337 is charged 
to the new voltage value, the resistors 335 and 336 op» 
erate as feedback resistors of a proportional transmis 
sion circuit. 

In the integrating circuit 34 the integrating capacitor 
345 is charged the faster, the more the input voltage of 
the inverting input of the operational amplifier 340 de 
viates from the tap voltage of the voltage divider 343, 
344. The maximum charge voltage is limited by the 
magnitude of the supply voltage. By adjustment of one 
of the two voltage dividers 333, 334, or 343, 344, the 
desired correction voltage for obtaining a constant nor 
mal phase shift of 90° can be set. 

it has already been explained in connection with the 
?rst illustrative embodiment of the invention that the 
output voltage U, of the regulating circuit 1], which 
corresponds to the output voltage of the corresponding 
regulating circuit 33, 34 is exactly proportional to the 
input frequency?. Because in the circuit of FIG. 30 the 
stage 34 operates as a pure integrating circuit. there 
must be a voltage at the output of the PD regulator 33 
that must equal the ?rst derivative with respect to time 
of the input frequency f,. This voltage is actually inte 
grated in the stage 34 to produce the voltage U‘. 
The smoothing stage 28 is desirable, because the out 

put voltage of the operational ampli?er 330, on ac 
count of the differential component of its regulation 
characteristic, will contain voltage peaks. These volt 
age peaks are smoothed out in the low-pass ?lter 281, 
282. The time constant of the smoothing stage 28 must 
be so chosen that at the terminal 29 a voltage can be 
obtained that is smoothed as well as possible, but at the 
same time is able to detect the fastest occurring 
changes in the input frequency f,. 
The output voltage of the integrating circuit 34 is lim 

ited by the limiting circuit 30. The diodes 301 to 304 
also limit the differentiator output signal obtained at 
the terminal 29. That is, as soon as the auxiliary control 
circuit with the low-pass circuit 18 and the limiting cir 
cuit 30 takes hold, the integrating circuit 34 is no 
longer in control and the PD regulator 33 also no 
longer gives a signal that is exactly proportional to the 
?rst derivative of the input frequency f,. If large deriva 
tive values (differential quotients) are to be reliably 
measured, a larger number of limiting diodes 30] . . . 
304 must be connected in series. From FIG. 3b it may 
be observed that the range of frequency over which the 
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oscillator 12 will be reliably locked to the fundamental 
wave of the input frequency f. is then reduced. If dif? 
culties are found in the choice of a favorable compro 
mise value for the operating range of the limiting cir 
cuit 30, it is then necessary to go to the fourth illustra~ 
tive embodiment of the invention shown in FIG. 4a for 
a suitable design of the limiting circuit 30. 
This fourth example shown in FIG. 4a differs from 

the third example shown in FIG. 30 only in the compo 
sition of the limiting circuit 30. In this case two ?eld ef 
fect transistors 310 and 311, with their drain-source 
paths connected in parallel. are provided in the limiting 
circuit 30 between the output of the low-pass circuit 18 
and the output 13 of the regulating circuit 11. The gate 
electrode of the ?rst ?eld effect transistor 310 is con 
nected over a resistor 312 with the output of an opera 
tional amplifier 313. Transmission gates of the type (‘D 
4076 (produced by RCA) may be used as ?eld effect 
transistors 3l0.3l l. The operational ampli?er 313 is 
provided with a negative feedback path by a resistor 
314 connected from the output to the inverting input. 
The inverting input of the operational ampli?er 313 is 
further connected over a resistor 315 to the tap of a 
trim potentiometer 316. the other terminals of which 
are connected between the output of the low-pass cir 
cuit l8 and ground. so as to provide an amplitude ad 
justment. Another connection from the inverting input 
of the operational ampli?er 313 goes over a resistor 
317 to a terminal 318 to which a reference voltage is 
applied. The noninverting input of the operational am 
pli?er 313 is connected over a resistor 319 to the out 
put 13 of the regulating ampli?er 11. 
The gate electrode of the second field effect transis 

tor 31 1 is connected over a resistor 322 with the output 
of another operational amplifier 323. The latter is pro 
vided with negative feedback by the resistor 324. The 
inverting input of the operational amplifier 323 is con 
nected over a resistor 325 to the output 13 of the regu 
lating circuit 11. The noninverting input of the opera 
tional ampli?er 323 is connected over a resistor 329 
with the tap of the trim potentiometer 316. Finally. an 
other resistor 327 is connected between the noninvert 
ing input of this amplifier to a terminal 328 which like 
wise is connected to a reference voltage. 
The two operational ampli?ers 313 and 323 operate 

as threshold switches. which determine a permissible 
deviation in either direction between the respective 
output voltages of the stages 18 and 11. It is at first 
sight surprising that the operational ampli?ers 313 and 
323 are provided with negative feedback by the re 
specitve resistors 314 and 324. This negative feedback 
is necessary. however. because there is a strong feed 
back over the ?eld effect transistors 310 or 311. The 
negative feedback resistors 314 and 324 must therefore 
be of such values that exactly the desired switching hys 
teresis is provided for the threshold switches 313 and 
323. 

In the case of an excessively large deviation between 
the output voltages of the stages 11 and 18, one of the 
threshold switches 313, 323 will respond, according to 
the direction of the deviation. The switch that operates 
will change its output potential in the positive direction 
to such an extent that the ?eld effect transistor associ 
ated with it. 310 or 311, will be made conducting. In 
consequence. as in the third example (FIG. 3a). the 
output of the low-pass circuit 18 will be connected with 
the frequency control input of the voltage controlled 
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oscillator 12. It is important in this case that the vari 
able output voltage of the low'pass circuit 18 is utilized 
as a reference voltage for the two threshold switches 
313 and 323. On this account the limiting characteris 
tic of the circuit is as shown in FIG. 4b. instead of being 
like that of the third example (FIG. 3b). At high fre 
quencies the output voltage of the low-pass circuit 18 
is higher. so that a switching threshold of the threshold 
switches 313 and 323 is at a value that is further re 
moved from the solid straight line 21. The line 21 in 
FIG. 4b is enclosed by two lines 26 and 27, which indi 
cate the boundaries of the regulating region. The two 
lines 26 and 27 become further apart and therefore 
read further from the line 21. the higher is the fre 
quency f2. Thus. the regulation region at high frequen 
cies is greater and at low frequencies it is smaller. It 
may be seen from FIG. 4b that the lines 23, 26, 27 and 
22 nowhere intersect within the frequency region of in 
terest. Consequently, in this fourth illustrative embodi 
ment of the invention. the permissible range of input 
frequencies f.-— the so-called capture range — is 
greater than in the third example. In this fourth exam— 
ple it is quite impossible for the oscillator 12 to lock on 
to a subharmonic or on to a harmonic of the fundamen 
tal frequency. even at low values of the frequency f.. 
This fourth illustrative embodiment of the invention 

can also be provided with a differentiating function. if 
in accordance with FIG. 30 the regulating circuit 11 is 
made up of a PD regulator 33 and an integrating regu 
lator 34 and the smoothing stage 28 is provided in the 
branch output of the PD regulator 33. All of the illus 
trative embodiments above described can also be used 
as frequency multipliers if a frequency division circuit 
16 is interposed between the oscillator 12 and the sec 
ond input of the phase comparison circuit 10 as shown 
in FIG. 10. 
Now that the operation of all four illustrative exam 

ples has been explained. the particular ?elds of applica 
tion of the circuit arrangement of the invention in the 
general area of motor vehicle electronics should be set 
forth. It is frequently required to derive. from the out~ 
put pulses of a tachogenerator. a dc voltage the mag 
nitude of which is range. For to the rate of rotation to 
be measured. The output frequencies of the tachogen 
erator can in such a case vary over a very wide range. 
For this application. therefore, the embodiments con 
stituted according to FIG. 2, FIG 3 or FIG. 4 are partic 
ularly suitable because of the provision in these cases 
of an auxiliary coarse control. Rotation speed measure 
ment can be important in the control of fuel injection 
systems. of ignition timing and of electronically con 
trolled transmission systems. Electrohydraulic control 
circuits for the intake and exhaust valves of internal 
combustion engines also operate on input signals that 
are related to the rotation speed of the engine. 

Pulse tachogenerators of the type here discussed are. 
?nally. also used in antiblocking control systems for ve 
hicle brakes. In an antiblocking control system it is nec 
essary to have acceleration signals, that is. d.c. voltages 
that are proportional to the rate of speed change (?rst 
derivative of wheel velocity) with respect to time. The 
last two illustrative embodiments, illustrated in FIG. 3 
and FIG. 4, are accordingly suitable for this purpose. 
The circuit system in accordance with this invention is 
actually particularly advantageous for antiblocking 
control systems. because pulse tachogenerators 
mounted on the vehicle wheels are exposed to unusu~ 
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ally great mechanical loads as the vehicle drives across 
uneven street surfaces. As the result of these mechani 
cal loads the amplitude. for example, of the output volt 
age of a pulse tachogenerator can change. Such an am 
plitude modulation of the pulse transmitter output sig 
nal produces superimposed disturbance frequencies 
that change sharply with time. In conventional circuits 
for evaluating and differentiating a pulse transmitter 
output. an acceleration signal can in this manner he 
falsely simulated in the differentiator by a signal that is 
in fact caused only by the disturbance frequency spec 
trum. In this situation the circuit of the present inven 
tion operates particularly well. for the filter bandwidth 
which is given by the lines 24 and 25 of HG. 3b or 26 
and 27 of FIG. 4b can be made very narrow. Further 
more, when the phase regulation loop is used with aux 
iliary control. the midfrequency of the filter is shifted 
along with the input frequency f,. This also is to be seen 
from FIG. 3b and FIG. 4b. The example given in the in‘ 
troduction of an input frequency variable between 0.1 
and 4 kHz that can be filtered with a bandwidth of 0.1 
kHz, can now be understood with reference to FIGS. 3b 
and 4b. Conventional filter circuits by contrast, must 
allow the entire input frequency range from (H to 4 
kHz to pass. so that they are much less able to attenuate 
the disturbance frequency spectrum. 
A further important ?eld of application for the cir 

cuit arrangement of the invention is found in the ?lter 
ing of output frequencies of computer circuits. it has 
for example already been proposed to use a digital in 
crement computer circuit for control of a fuel injection 
system or for setting the ignition timing of an internal 
combustion engine. Individual stages of the digital in 
crement computer circuit provide output frequencies 
the individual pulses of which are unevenly distributed 
in time‘ although the average number of pulses per unit 
of time. i.e.. the pulse train frequency. has a de?nite 
value. This nonuniform distribution corresponds to a 
frequency or phase modulation of the operating fre 
quency. The disturbance frequency spectrum resulting 
from this effect can likewise impair calculation accu 
racy of the following stages of the computer circuit. All 
four of the illustrative embodiments here described 
make it possible to obtain strictly periodic pulse train 
frequencies f2 from such input frequenciesfl with non 
uniformly distributed pulses. For the case iri which the 
output frequency of one stage of the computing circuit 
has so low a value that it is no longer suitable for fur 
ther operations. the frequency multiplying circuit uti 
lizing the divider circuit 16 applied to any of the four 
embodiments here illustrated can be used. Compared 
to conventional frequency multiplying circuits, the ad 
ditional advantages here obtained is that an input fre 
quency f‘ with nonuniformly distributed pulses can be 
converted into a strictly periodic multiplied output fre 
quency. 
Although the invention has been described with re 

spect to particular embodiments, it will be understood 
that other variations and modi?cations may be made 
within the inventive concept without departing from 
the spirit of the invention. 
What is claimed is: 
l. A pulse train filter circuit for a pulse train of vary 

ing frequency comprising: 
a phase comparison circuit (l0) having a ?rst input 

for receiving an input pulse train and a second 
input (102) for receiving an output pulse train; 
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14 
a pulse train generating oscillator (12) of voltage 
controlled frequency for supplying an output pulse 
train to an output circuit and to said second input 
(102) of said comparison circuit (10); 

a regulating circuit (11) having its input connected 
to the output of said comparison circuit (10) and 
its output connected for frequency control of said 
oscillator (12), for converting the output of said 
comparison circuit (10) to a control voltage of suit 
able characteristics and magnitude range for caus 
ing the output pulses of said oscillator (12) to keep 
in step with pulses of said input pulse train, and 

an auxiliary control circuit for increasing the capture 
range of the frequency control of said oscillator, 
containing a low-pass circuit (18) to which is sup‘ 
plied the same input frequency (11) as said compar 
ison circuit ( 10), said auxiliary control circuit ( l8) 
continuously furnishing a control voltage of con 
stant polarity to which the frequency control of 
said output (12) is responsive in addition to being 
responsive to the output of said regulating circuit 
( l l ). 

2. A pulse train ?lter circuit as de?ned in claim I, in 
which said phase comparison circuit (10) has the char 
acteristics of an EXCLUSIVE OR gate. 

3. A pulse train ?lter circuit as defined in claim 1, in 
which a frequency division circuit (16) is interposed 
between the output of said oscillator ( l2) and said sec 
ond input (102) of said comparison circuit (10). 

4. A pulse train ?lter circuit as de?ned in claim I, in 
which the frequency control of said oscillator is con— 
nected to the output of a summing circuit (17). the two 
inputs of which are connected respectively to said low 
pass circuit (18) and to said regulating circuit (ll). 

5. A pulse train ?lter circuit as de?ned in claim 4, in 
which an amplitude control means (117) is interposed 
between at least one of the inputs of said summing 
circuit (17) and the preceding circuit (11 or 18) that 
supplies a voltage signal to such input of said summing 
circuit (17). 

6. A pulse train ?lter circuit as de?ned in claim 1, in 
which a limiting circuit (30) is interposed between the 
output of said low-pass circuit (18) and the frequency 
control of said oscillator (l2) for limiting the extend to 
which the frequency control voltage of said oscillator 
may be caused by said regulating circuit ( l l ) to deviate 
from the output voltage of said low-pass circuit (18). 

7. A pulse train ?lter circuit as de?ned in claim 6, in 
which said limiting circuit (30) contains at least two di~ 
odes (301, 303) in antiparallel connection. 

8. A pulse train ?lter circuit as de?ned in claim 7, in 
which said limiting circuit (30) comprises two series 
chains each of a plurality of diodes (301, 302, 303, 
304). said chains being combined in antiparallel con 
nection. 

9. A pulse train ?lter circuit as de?ned in claim I, in 
which a limiting circuit is interposed between the out 
put of said low-pass circuit ( l8) and the frequency con 
trol of said oscillator (12) for limiting the extent to 
which the frequency control voltage of said oscillator 
may be caused by said regulating circuit ( l l ) to deviate 
from the output voltage of said low-pass circuit (18). 
said limiting circuit comprising two parallel-connected 
semiconductor switching devices (310, 3“), the re 
spective control electrodes of said semiconductor 
switching devices (310, 311) being each connected 
with a voltage sensitive threshold switch (311, 232). 
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10. A pulse train ?lter circuit as de?ned in claim 9, 
in which said semiconductor switching devices (310, 
3 l l ) are ?eld effect transistors. 

11. A pulse train ?lter circuit as de?ned in claim 9. 
in which both of said voltage sensitive threshold 
switches (313, 323) comprise operational ampli?ers 
having differential inputs, each of said operational am 
pli?ers having one input connected with the output of 
said regulating circuit (11) and another input con 
nected with the output of said low-pass circuit (l8). 

12. A pulse train ?lter circuit as defined in claim 11. 
in which an amplitude adjusting means (316) is inter 
posed between at least one of the inputs of said opera< 
tional amplifiers (313, 323) and the output of the stage 
(18, ll) supplying an electrical signal thereto. 

13. A pulse train ?lter circuit as de?ned in claim 1, 
in which said regulating circuit (11 ) comprises an oper 
ational ampli?er (H0) arranged to provide regulation 
in a combined proportional-integral mode by virtue of 
a resistor (Ill) and a capacitor ( 1 12) connected in se 
ries to provide a negative feedback path for said opera 
tional ampli?er (I10). 

14. A pulse train ?lter circuit as de?ned in claim 13, 
in which means are provided for applying a constant 
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correction voltage to said operational ampli?er (110) 
of said regulating circuit (11) for setting a constant 
phase difference in the phase regulation applied to said 
oscillator (12) by said phase comparison circuit ([0) 
and said regulating circuit (ll). 

15. A pulse train filter circuit as de?ned in claim I, 
in which said regulating circuit (H) is provided in a 
form having a combined proportional and integral reg 
ulating characteristics 

16. A pulse train ?lter circuit as de?ned in claim I, 
in which said regulating circuit (11) is constituted by 
a proportional regulator (33) and an integrating regula 
tor (34) operating in series. 

17. A pulse train ?lter circuit as de?ned in claim 16, 
in which means are provided including a smoothing cir 
cuit (28) with its input connected to the output of said 
proportional regulating circuit (33) for generating a di 
rect current voltage signal that is proportional to the 
?rst derivative with respect to time of the input fre 
quency (J1). 

l8. A pulse train ?lter circuit as de?ned in claim 17‘ 
in which said smoothing circuit (28) comprises a low 
pass ?lter section (281, 282). 


